Abstract-
I. INTRODUCTION
C OMPOUND FET's such as GaAs MESFET's and InGaAs HEMT's with channel lengths approaching 0.1 m have shown significant potential for microwave applications up to W-band [1] . To a great extend this is due to the a well pronounced velocity overshoot in the high field region of the channel. Here, the carrier velocity in the above materials may exceed saturation velocity by several times [2] . In many cases, the predictive analysis and computer-aided design of such devices require full scale ensemble Monte Carlo (EMC) simulation. In a series of EMC simulation studies, the nonstationary transport in GaAs MESFET's [3] , InP MESFET's [4] , AlGaAs/GaAs HEMT's [5] - [7] , and InGaAs pseudomorphic HEMT's (pHEMT's) [8] , [9] has been investigated. Most of the published papers, however, consider simplified device geometry and focus mainly on the transport physics and the effect of the enhanced channel velocity on the DC characteristics. Of more importance for the proper design of modern shortchannel compound FET's is the RF performance. This is determined not only by the high field transport but also by device geometry, surface effects, and contact resistance [10] .
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The -or -shaped gate, gate recess, and passivation in such devices critically affect the device parasitics and the overall RF performance. Although the fundamentals of the RF and noise EMC analysis are outlined in [11] , very few Monte Carlo compound FET simulation papers address the RF performance issues in depth. In [12] , a strategy for extracting the -parameters and the small-signal equivalent circuit components from Monte Carlo simulation of GaAs MESFET's was presented. However, this analysis is restricted to simple rectilinear device geometries and low voltages and does not take into account the "intrinsic" source and drain series resistances presented in the simulations nor the "extrinsic" contact and gate resistances presented in a real device. Similar are the restrictions of the RF and noise EMC analysis of GaAs MESFET's in [13] and AlGaAs/GaAs HEMT's in [14] . A simplified simulation geometry usually underestimates the capacitive components and seriously affects the accuracy of the extracted small-signal circuit. This, together with the omission of the gate and the contact resistance in Monte Carlo simulations, does not allow realistic extraction of important RF figures of merit such as the cutoff frequency and the maximum frequency of oscillation . In this paper, we describe a comprehensive methodology to extract the RF performance of "real" compound FET's from time domain EMC simulation which can be used for practical device design. The methodology is based on transient finite element EMC simulation of realistic device geometries carried out using the Monte Carlo module of the heterojunction compound two-dimensional (2-D) finite element simulator H2F [15] . A proper description of the shape of the gate, recess, and source and drain contacts provides reliable values for the small-signal circuit components. The post processing inclusion of the contact and gate resistances and eventually inductive components in the extracted -parameters allow for a realistic estimation of the RF performance of the compound FET's under investigation.
In the next section we outline the flow diagram of the complete RF EMC analysis of compound FET's. This includes the extraction of the small-signal equivalent circuit and the RF figures of merit. Sections III and IV deal with specific issues related to the reliable extraction of the frequency dependent two-port -parameters from transient EMC simulation results. This forms the basis of the RF analysis. In Section V, the results of the complete RF EMC analysis of pHEMT's fabricated at the Glasgow Nanoelectronics Research Center are compared to the small-signal circuit components and , extracted from -parameter measurements.
II. THE COMPLETE RF ANALYSIS
The flow diagram of the complete time domain RF EMC analysis is given in Fig. 1 . The analysis begins with the extraction of complex frequency dependent two-port -parameters of the simulated compound FET. The -parameters are calculated by Fourier decomposition of the current transients obtained in response to step perturbations in the terminal voltages. For a given dc working point a steady-state condition is first established by allowing the EMC simulation to run for a time long enough to achieve a steady average drain current . Then small step perturbations are applied to the gate and drain electrodes consecutively and the transient currents are recorded as functions of time with the indices , referring to the gate and , referring to the drain electrode. The real and imaginary components of the -parameters are given by the following transformations [16] :
where and are the steady-state dc levels of the gate and the drain currents before and after the step perturbation, respectively. The recording time, , includes the transient time which is typically a couple of picoseconds plus some additional simulation time during which enough statistics are accumulated for the steady-state post-transient current . A proper estimation of the transient current immediately after the perturbation is vital to the correct extraction of the -parameters. The highest frequency of interest determines the upper bound of the time step during the first few steps of the transient . In modern compound FET's, may be several hundred gigahertz [17] . The amplitude of the displacement current spike associated with the feed back capacitances at is proportional to . The lower bound on imposed in drift-diffusion transient simulations to prevent the loss of current continuity as a result of the finite computer word length [16] can be relaxed in Monte Carlo transient simulations which do not suffer from such problems. In this study we employ time steps of -fs to resolve the beginning of the transient. This compares with the values of field adjusting time step -fs used to achieve the initial steady state.
The magnitude of the perturbation should also be carefully chosen. Although these values are higher than the values recommended in [16] , no appreciable generation of harmonics was observed due to the good linearity of the simulated devices. Further details about the EMC simulation and the calculation of the terminal currents during the transient are given in Section III. The extracted -parameters properly represent the geometry and surface effects but do not incorporate the contact and the gate resistances which are excluded from the EMC simulation. Inductive elements associated with the metal pads in a real device are also excluded from the simulation.
To proceed further with the RF analysis, the current gain is presented in terms of the extractedparameters as (3) The cutoff frequency of the simulated device is extracted by solving which is an almost linear function.
In order to extract the maximum frequency of oscillation of the simulated device the -parameters are transformed into the -parameters . In terms of -parameters the maximum stable gain, , and the maximum available gain, , are expressed by where (5) is the Rollette's stability factor. The maximum frequency of oscillation is then extracted by solving which is also a well-behaved monotonously decreasing function.
The next analysis step is the extraction of the of the smallsignal equivalent circuit components. For typical MESFET and HEMT simulation domains, we have adopted the equivalent circuit presented in Fig. 2 . The gate resistance, the contact resistances, and any external inductive components are excluded from the EMC simulation and hence from this circuit. The source and the drain resistances in Fig. 2 represent the resistance of the regions between the gate and the source and drain ohmic contacts, respectively. These resistances are included in the solution domain and can be evaluated directly from the EMC steady state simulation results prior to transients as the ratio of the voltage drop between the gate edge and the corresponding contact and the average current flowing through the device. Then the -parameters of the simulated device are transformed into -parameters . The estimated source and drain resistances and are subtracted from to obtain the -parameters of the "intrinsic" device equivalent circuit surrounded by dashed lines in Fig. 2 (6) where (7) Finally, are transformed back into -parameters from which the components of the "intrinsic" small-signal circuit can be analytically extracted [12] .
The adopted equivalent circuit of a "real" device is also shown in Fig. 3 . In order to evaluate the cutoff frequency and the maximum frequency of oscillations of the "real" device, the gate resistance , the contact resistances , and eventually the inductive components , , and first have to be incorporated in the -parameters of the real device [19] (8) are then transformed into . The value of is extracted by solving , where is given by an expression analogous to (1) . Finally, are transformed into and is extracted by solving where is given by an expression similar to (4) and (5) . It must be noted that the inclusion of the contact resistances changes the dc working point of the "real" device to [20] . The EMC simulation provides a unique opportunity to investigate ab initio the RF noise performance of compound FET's. However, the noise analysis is restricted to the simulated device and reflects only the noise generated by the carriers inside the device. In this study, the intrinsic minimum noise figure is calculated from the small-signal equivalent circuit model using the scheme presented in [21] . The noise sources associated with the ohmic contacts, the external circuit, and the measurement equipment are excluded from the analysis.
III. MONTE CARLO TRANSIENT SIMULATION
The Monte Carlo module of the heterojunction compound 2-D finite element simulator H2F is described in detail elsewhere [15] . It is designed to simulate a wide range of recess gate compound FET's. A nonparabolic three-valley conduction band model is used for the III-V materials. The scattering mechanisms implemented include: ionized and neutral impurity, acoustic phonon, piezoelectric, optical phonon, and polar-optic scattering modes.
Quadrilateral finite elements are used in H2F to describe accurately the shape of the gate and the recess. The Poisson equation is solved self-consistently with the particle motion. The solution domain includes not only the semiconductor region but also the air and eventually the passivation surrounding the gate. The distribution of trapped charge on the pinning surface states before the transients is estimated from the results of drift-diffusion simulation [22] . It is assumed that during the transient the charge on the surface pinning states remains frozen. The recess shape and the surface conditions determine the part of the series resistances and associated with the recess, and influence also the charging resistance . The recess and the gate shape influence also the gate-source , gate-drain , and the drain-source capacitances. These five passive components affect the RF performance of the simulated device.
The 2-D Monte Carlo treatment of transport is also essential to the accurate RF analysis. The transconductance is dominated by the velocity overshoot in the channel region and eventually in part of the recess region.
is also influenced by the real space transfer of carriers outside the channel, which can be treated reliably only in Monte Carlo simulations. The output conductance is influenced both by the drain induced barrier lowering (DIBL), which is sensitive to the device geometry, and by the real space transfer.
The total transient terminal current required for theparameter extraction is a sum of the particle current and the displacement current . The particle current in Monte-Carlo simulations is usually estimated using the standard particle count method [23] . In this case, , where is the number of super particles entering or leaving the given electrode during the time step , and is the charge of the super particles. Recalling the scales of the time step , used at the beginning of the transient, it becomes clear that the stochastic fluctuations in the number count leads to substantial fluctuations in the estimated particle current. Usually a single particle entering/leaving the electrode during a typical time step of 1 fs will introduce current fluctuation which is comparable to the average drain current in a FET in the normal mode of operation. The straight-forward use of the Gauss' law for calculating the displacement current also leads to significant current oscillations. The transient terminal currents can be statistically enhanced by employing more particles [12] , [13] .
In this work we use the Ramo-Shockley theorem to calculate the simultaneous contribution of all super particles involved in the EMC simulation to the total electrode current. The Ramo-Shockley theorem, formulated initially for the static case [24] , [25] , remains valid for time varying electrode potentials [26] and can be generalized to include electrons, holes, and generation and recombination processes [27] . However, in this work the hole distribution is frozen [15] and generation-recombination processes are not included in the simulation and therefore the approach outlined in [26] is adopted. Employing directly all moving particles, the Ramo-Shockley approach provides much smoother estimate for the total instantaneous current passing through a particular electrode. According to the Ramo-Shockley theorem the instantaneous transient current in electrode due to discrete moving charges within the device is given by (10) where the current is solely contributed by the movement of the charged particles with fixed potentials at electrodes, and is the current induced due to the time-varying potentials of the electrodes through the capacitive coupling through the electrodes. The current is given by (11) where is the charge of the super-particle, is the velocity of the particle, and is the spatial distribution of the potential when a unit voltage is applied to electrode , all other electrodes are grounded and all charges are removed from the device. In other words, is the solution of the Laplace equation . The current associated with the time varying potential is calculated from the capacitance matrix components associated with the electrodes of the simulated device. The Laplace equation is initially solved with all electrodes potential fixed to zero and then solved with the potential of each one electrode incremented by . The capacitance matrix is then defined as (12) When a step perturbation of the terminal voltage is applied flows only during the first time step and is given by (13) The displacement current during the remaining part of the transient is related to the charges induced on the electrode by the moving particles in the device associated with the redistribution of the mobile charge and is accounted for by [see (11) ]. The -parameter extraction procedure itself [(1), (2)] requires a small time step only immediately after the stepperturbation in order to resolve properly the inter-electrode capacitances. During the remaining part of the transient the time step may be larger than the time step used in the MC simulation in order to ensure self consistency between the particle-movement and field adjustment. Thus the transient currents obtained from the EMC simulation can be smoothed further before the extraction of the -parameters by using a local averaging procedure. In the middle of the interval between and -th time steps the smoothed average current is given by (14) The maximum length of the averaging interval is restricted by the maximum frequency of interest according to . In this study, the averaged traces of ten transients is used to reduce the uncertainty associated with the selection of timing of the initiation of the transient [12] .
IV. RESULTS AND DISCUSSION
In order to illustrate the capabilities of the described complete EMC RF analysis we compare the result of our simulations with RF measurements of real pHEMT's fabricated in the Nanoelectronics Research Center of the University of Glasgow. The layer structure of the measured and simulated pHEMT is shown in Fig. 4 . It comprises a 100-period superlattice grown on s.i. GaAs substrate followed by a 600-nm GaAs buffer. The strained In Ga As channel is 10 nm thick and is separated from the Si -doping by a relatively thin (2.5 nm) Al Ga As spacer. The cm effectivedoping is encapsulated between three and two monolayers GaAs. A 12.5-nm Al Ga As Schottky layer, and 5-nm Al Ga As recess etch stopper are grown on top of thedoping. The overall separation between the channel and the gate is 21.5 nm. A 30-nm heavily doped ( cm ) GaAs cap layer screens the 2-DEG in the region between the gate and the contacts from the negative charge of electrons trapped on deep, acceptor type surface states. The channel length is 0.12 m with 50 nm gate recess on each side of the gate. The device has a channel width of 100 m. The separation between the source and the drain contacts is 1 m. Details of the gate recess region and the corresponding simulation domain are presented in Fig. 5(a) and (b) .
The contact resistances and the external series resistance of the measurement equipment are incorporated in the EMC simulated -characteristics using the procedure described in [20] . Since quantum effects and the associated intersubband scattering in the In Ga As channel are not included in the current version of H2F the simulations overestimate velocity overshoot in the channel by approximately 15% and hence the drain current and the device transconductance.
The RF analysis is carried out at V and V which corresponds to a typical operating point of the HEMT. The step changes in the gate and drain voltages are mV and mV, respectively. The gate current following the gate voltage step extracted using the Ramo-Shockley procedure together with the standard particle count current and Gauss's integration approach are compared in Fig. 6 for the first 1 ps of the transient. The displacement current associated with the inter-electrode capacitances during the first time-step is several orders of magnitude higher and is not shown in this figure. The Ramo-Shockley trace shows dramatic noise improvement and contains instabilities mainly associated with plasma oscillations in the heavily doped regions of the device and eventually Gunn domain oscillations. The transient drain current corresponding to the same gate voltage step and calculated using the Ramo-Shockley procedure is given in Fig. 7 . Prior to the extraction procedure, the gate and drain currents are further smoothed out using a temporal averaging procedure given by (14) . The effect of the smoothing on the drain current transient is also shown in Fig. 7 . The smoothing reduces the error of the numerical integration in (1) and (2) and results in more stable and smooth -parameters. The cutoff frequency of the simulated device estimated from the -parameters is found to be GHz. Then the -parameters are transformed into -parameters from which the maximum frequency of oscillations of the simulated device was estimates to be GHz. The source and drain resistance present in the simulated device were estimated to be and , respectively. These resistances are subtracted from through -parameter transformation and the small-signal equivalent circuit components are extracted from the -parameters of the intrinsic device . The extracted small-signal circuit components are plotted in Fig. 8(a)-(c) as functions of frequency. The virtual independence of the small-signal components on the frequency is a proof for the quality of the -parameter extraction procedure.
The contact resistance present in the real device and the gate resistance typical for a pHEMT with 100-m channel width were added to throughparameter transformation to obtain the -parameters of the "real" pHEMT from which the cutoff frequency of the "real" device was estimated to be GHz. Then were transformed to and the maximum frequency of oscillation of the "real" pHEMT was estimated to be GHz. The small-signal circuit components at 50 GHz and figures of merit extracted from simulation are compared in Table I . The values are obtained from different traces where the transients are initiated at different times from the beginning of the EMC simulation. The table also shows the parameters obtained from ten averaged traces and the results of measurements on fabricated devices. The 20% difference between obtained from the simulations and the measured value is attributed to the overestimated transconductance.
To highlight the effect of the extrinsic parasitics on the device performance, we plot in Fig. 9 the dependence of on the gate and the contact resistances. The results show that decreases rapidly with gate resistance at low values of the contact resistances. A similar behavior is observed with the contact resistances at low gate resistance. Clearly, the highperformance potential of the pHEMT's is dramatically eroded by the extrinsic parasitics.
The fluctuation in the EMC terminal currents associated with plasma and Gunn domain oscillations introduce some degree of uncertainty in the extracted -parameters. It could be expected that the values of the extracted -parameters will depend to some extend on the choice of the moment at which the gate and drain voltage perturbations are applied. To investigate this uncertainty we compare the RF analysis results from ten transients initiated at different moments after the average steady-state conditions are established in the EMC calculations. The corresponding variation in the extracted is illustrated in Fig. 10 . The fluctuation in are mapped in Fig. 10 . The extracted small-signal circuit components for the ten transients are summarized in Table I .
Finally, the frequency dependence of the minimum noise figure of the intrinsic device calculated according to [21] is plotted in Fig. 11 .
V. CONCLUSION
In this paper, a methodology for complete RF analysis of "real" compound FET's based on EMC simulation has been described. The device parasitics associated with surface effects and the device geometry have been properly included in the RF analysis through our finite element EMC approach. The problems in the -parameters extraction associated with the stochastic nature of the EMC current have been addressed. Statistical enhancement of the terminal transient currents has been achieved by explicit use of the Ramo-Shockley theorem in the case of time varying electrode potentials. The plasma type terahertz oscillations present in the simulations have been filtered out through a local averaging procedure. As a result, reliable -parameters could be extracted for the whole range of operation voltages including saturation. The analytical procedure of extracting the equivalent circuit components of the simulated device [12] has been improved by excluding the source and drain access resistances, present in the simulation, from the -parameters before extraction. The contact and the gate resistances have been includes in the -parameters at the post-processing stage which allows estimation of important figures of merit such as and of "real" devices. The complete RF analysis has been applied in the simulation of real pHEMT's fabricated at Glasgow Nanoelectronics Research Center. The good agreement between the simulated and measured small-signal circuit components and performance figures of measures demonstrates the fruitfulness of our approach. The results of the post-processing analysis provide important insight into the performance potential of the intrinsic pHEMT's and the detrimental effect of the contact and the gate resistances.
The developed complete RF EMC analysis technique addresses practical RF device design issues in realistic device structures. It can be used also in the RF analysis of sub-0.1-m Si and SiGe FET's where overshoot effects will dominate the channel transport and the EMC simulation will become essential.
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